Mycorrhizas are considered to be classic mutualisms. Here, we define mutualism as a reciprocal increase in fitness of the symbionts, and we review the evidence for mycorrhizal mutualism at the community, whole-plant, and cellular scales. It is difficult to use results of most mycorrhizal studies because (i) fungal contribution to nutrient uptake is not accurately estimated, (ii) increased growth is not necessarily correlated with increased plant fecundity or survival, especially in communities, and (iii) benefits that occur only at certain times of year, or under specific extreme conditions, may not be detected. To produce the nonmycorrhizal controls required to study mutualism in the field, soil microflora and fauna must be severely perturbed; therefore, it is virtually impossible to evaluate effects of mycorrhizas on plant fitness under realistic conditions. Using the evidence available, we conclude that mycorrhizas can occupy various positions along the continuum from parasitism to mutualism, depending on the specific plant and fungal genotypes and their abiotic and biotic environments. Although we discuss the possibility of defining mycorrhizas by some physiological characteristic, we conclude that mycorrhizas should be defined on a structural or developmental basis and that any requirement to demonstrate mutualism be eliminated.
Introduction
Mycorrhizas are considered to be classic examples of mutualistic symbioses. The mutualism is attributed primarily to carbon (C) gain by the fungus from the plant, with reciprocal nutrient transfer from fungus to plant, although improved water relations and pathogen tolerance can also contribute to plant fitness (Smith and Read 1997) . Mycorrhiza formation appears to be obligate for vegetative growth and sporulation of arbuscular mycorrhizal (AM) fungi and for fruit-body production by ectomycorrhizal (EcM) fungi, leading to the assumption that, for these mycorrhizal types, fungal fitness is completely reliant on C supplied by autotrophic plants. This relationship is less clear for ericoid mycorrhizas and appears not to be the case at all for fungi associating with orchids and other myco-heterotrophs.
For plants, benefits of the symbioses are much less clear and, furthermore, should be considered at different scales, from community to cellular levels. Community interactions are as yet little understood, particularly with respect to costbenefit considerations. So far, the findings vary, with activity and (or) diversity of AM fungi sometimes associated with an increased diversity and (or) productivity of reconstructed plant communities and sometimes not (see Hartnett and Wilson 2002; Urcelay and Diaz 2003) . At the wholeplant level some plants are considered to be obligately mycorrhizal in nature, whereas others are facultatively so and others constitutively nonmycorrhizal (NM; see Molina et al. 1992 ). The literature is replete with reports of increased growth of single plants associated with inoculation by mycorrhizal fungi in pot experiments. Increased uptake of N, P, Ca, Mg, Zn, Cu, Fe, and other nutrients has been detected, with the most important being P and Zn for AM plants and with the addition of N in particular for EcM and ericoid mycorrhizal (ErM) species. Reports of decreased growth and nutrient uptake are less frequent and have been largely ignored (or even suppressed), although some authors acknowledge that, functionally, mycorrhizal associations may range from parasitism to mutualism and that symbiotic outcomes are likely to vary with environmental conditions (Smith 1980; Smith and Smith 1996; Johnson et al. 1997; Zhou and Sharik 1997) . At the cellular level, there is evidence that nutrients can be absorbed and translocated by the fungi to the plants (Melin et al. 1958; Jakobsen et al. 1992; Bending and Read 1995; Janos et al. 2001; Hodge 2003; Smith et al. 2003b ) and (particularly in arbuscular mycorrhizas) that cellular processes, including gene expression and localization of transport-related proteins, may be markedly altered during colonization and establishment of symbiotic interfaces (Rausch et al. 2001; Harrison et al. 2002; Paszkowski et al. 2002) .
More attention is now being paid to studying the developmental and functional diversity of interactions between symbionts in mycorrhizal associations (van der Heijden et al. 1998a; Bever et al. 2002; Hart and Klironomos 2002; Peterson and Massicotte 2004) . It has long been recognized that there are thousands of EcM fungi, with a range of physiological attributes and host specificities (Molina et al. 1992) . However, the possibility of greater fungus-plant specificity and genetic as well as physiological variability in AM interactions has been recognized only recently (e.g., Helgason et al. 2002; Sanders 2002) . We acknowledge that there are a great many plant genotype -fungal genotype combinations for the major types of mycorrhizas and that we should therefore expect a range of interactions beyond mutualism, including parasitism and cheating. The accompanying paper by Egger and Hibbett (2004) discusses evolutionary aspects of this range of interactions. Increased attention to the diversity of responses is crucial if we are to understand how the various symbioses function, especially in communities.
The debate about where mycorrhizas fall along the continuum of symbioses as originally described by de Bary (1887) has been going on since mycorrhizas were first described. According to Melin (1925 , as translated by Stickel 1930 , a common view in the 1880s and 1890s was that they were "harmful to the higher plants under all conditions". Scientists such as Henschel had reported a negative correlation between the vigour of Picea excelsa and the extent of colonization (Henschel 1887, as cited by Harley 1984) .
However, it is clear that Frank, the man who first coined the term "mycorrhiza", viewed the symbiosis as beneficial to both plant and fungus (Frank 1885 , as translated by Trappe 1984) . He describes the fungi as "parasitic" because he hypothesized that they received C from the tree, but he also hypothesized that the "mycelium performs a wetnurse function and takes over the entire nourishing of the tree from the soil". He based this view on observations that mycorrhizal fine roots were healthy, but totally enclosed by the fungi and, therefore, not directly in contact with the soil. Nevertheless, Melin (1925) reported situations in pure culture where colonization by EcM fungi had detrimental effects on seedlings. He concluded that this was most likely to occur under conditions where growth of the seedlings was "weak" but where growth of hyphae was "strong". Although he had not observed any such situations in nature, he expected that they occurred.
Through the early decades of the 20th century positive correlations between the presence or abundance of ectomycorrhizas and the vigour of conifer trees were increasingly reported. Melin observed this in trees growing in bogs (Melin 1917 , as cited by Harley 1984) . Rayner (1938) reported that low vigour of conifer seedlings had been observed in exotic locations throughout the British Commonwealth and that this could be relieved by the addition of raw humus, with the resulting formation of ectomycorrhizas. Similar problems had occurred in some conifer nurseries in the United States. In these cases, any groups of vigorous seedlings were typically mycorrhizal, while the remainder of the seedlings was generally NM (Mitchell et al. 1937) . The evidence for the importance of ectomycorrhizas was only circumstantial until Hatch (1937) observed positive responses of conifer seedlings to inoculation with pure cultures of EcM fungi. With the exception of Burges, who described both EcM and "endophytic" mycorrhizal fungi as "potential parasites" (Burges 1936 ) and felt that there was insufficient evidence to conclude that they decomposed soil organic matter and thereby released nutrients for plants, by the late 1930s most people studying mycorrhizas had become convinced that "in soils of moderate nutrient deficiency mycorrhizal seedlings grew faster in height and weight" (Harley 1984) .
By the 1990s the idea that mycorrhizas were mutualisms was accepted implicitly by most researchers in the mycorrhiza field (Trappe 1994) , and mutualism was considered "a critical character" of a mycorrhiza (Allen 1991) . Mycorrhizas came to be labelled as classic cases of mutualism in general biology textbooks. There were only rare papers that discussed other possibilities. For example, when Garrett (1960) classified root-inhabiting fungi into three groups, "primitive soil-inhabiting pathogens, specialized pathogenic root-inhabiting fungi, and symbiotic fungi", he stated that "further research may demonstrate a continuous gradation of behaviour rather than sharp boundary lines between these three groups". Lewis (1973) pointed out that the more narrow view of mycorrhizal functioning might have been due, in part, to inconsistent use of the term "symbiosis". This term had originally been broadly defined by de Bary (1887) but had come to be used synonymously with "mutualism", especially amongst botanists. Smith and Read (1997) continued to emphasize the place of mycorrhizas along a contin-uum of responses: "Most mycorrhizal symbioses are now clearly recognized…as being common and significant representatives of the mutualistic end of the symbiotic spectrum…However,…not all…mycorrhizas have been shown to be mutualistic by experimental analysis of nutritional interactions or fitness". In their evaluation of where mycorrhizas fit along this continuum Johnson et al. (1997) concluded that mycorrhizal associations are "generally mutualistic, with occasionally commensal and parasitic excursions from this norm".
To evaluate whether all mycorrhizas should be classified as mutualisms, we must be clear in our terminology. We will consider a mutualism to be "a positive reciprocal relationship between two individuals of different species which results in increased fitness for both parties" (Mackenzie et al. 1998) . This is consistent with the view of Stanier et al. (1971) that whether a symbiosis is mutualistic must be "evaluated by comparing the fitness of the two members when living independently with their fitness when living in association". We will consider "fitness" to refer to the "contribution of an individual to future generations, relative to other members of the same species growing in the same environment" (Krebs 2001) . Flower and pollen production, seed production, survival and growth of offspring, as well as measures of vegetative reproduction such as stolon branching, have been used as indicators of fitness in studies comparing mycorrhizal and NM plants; (Bryla and Koide 1990; Carey et al. 1992; Merryweather and Fitter 1995b; Shumway and Koide 1995; Streitwolf-Engel et al. 1997; Philip et al. 2001) .
In this paper we will discuss different approaches to determining benefit to plant and fungal components of the symbioses and, thus, of determining whether a specific plantfungus association is mutualistic. We highlight recent results that demonstrate the variability in functional responses of plants to mycorrhiza formation. Much of the discussion is necessarily at the level of single plants in symbiosis with single fungal species or mixed soil communities, but we also address issues of defining mutualism at cellular and community levels. This paper builds on excellent previous reviews on this topic by Smith and Smith (1996) , Johnson et al. (1997), and Smith et al. (2003a) and will focus on insights provided by recently generated data. Finally, we consider whether it is feasible or even productive to try to define mycorrhizas on a functional basis, given the diversity of outcomes. During this discussion, it is important to remember three points. Firstly, demonstration that a mycorrhizal fungus is capable of utilizing organic C from soil when grown in axenic culture does not mean that this is the main source of C when in symbiosis; it may mean simply that the fungus is a facultative symbiont. Secondly, benefit to either symbiont must be considered to be the net impact of the benefit and cost of the association (Koide and Elliott 1989; Tinker et al. 1994; Smith and Smith 1996) . Thirdly, what constitutes a cost and a benefit must be carefully evaluated. As stated by Johnson et al. (1997) : "Carbon allocated to a fungus is only a cost [to the plant] if it could otherwise have been allocated to increase plant fitness, and resources gained through the activities of a fungal symbiont are only beneficial if those resources are in limiting supply". Similar statements could be made for the fungi.
Do all mycorrhizal fungi benefit from symbiosis?
The benefit of the symbiosis to mycorrhizal fungi, with the exception of those associated with myco-heterotrophic plants, is generally not questioned. Arbuscular mycorrhizal fungi, in particular, appear to be obligate symbionts. Germ tubes extend only a short distance from spores in the absence of the plant (Bécard and Piché 1989) , and AM fungi have been grown in vitro only in root-organ culture (Pfeffer et al. 1999; Fortin et al. 2002) . The finding that spore production by AM fungi varies with species of phytobiont is further evidence that fitness of AM fungi is heavily influenced by the plant partner (Bever et al. 2002 and references therein) . Although some EcM fungi may be able to grow vegetatively in the absence of a symbiotic partner, they produce mycelium at a faster rate when in symbiosis (Melin 1925; Erland et al. 1990 ). Furthermore, many mycorrhizal macrofungi appear unable to produce fruiting bodies without being connected to a photosynthetically active plant (Romell 1938; Last et al. 1979; Lamhamedi et al. 1994 ). All of the above evidence supports the conclusion that EcM and AM fungi rely on an active association with a plant to grow and (or) reproduce and, thus, benefit to them from the symbiosis is without question.
There are two groups of mycorrhizal fungi where total dependence on the plant is not so well established. Ericoid mycorrhizas are formed on autotrophic plants in the Ericaceae and Epacridaceae by a diverse, poorly characterized group of fungi (Perotto et al. 1996; Berch et al. 2002) , and therefore little is known about their absolute reliance on plant partners for fixed carbon. Pearson and Read (1973) and Stribley and Read (1974) demonstrated that ErM fungi receive photosynthate from their plant symbionts by detecting 14 C, from 14 CO 2 supplied to Vaccinium macrocarpon or Calluna vulgaris, in the hyphae of mycorrhizal plants. The extent to which ErM fungi also survive and reproduce as active saprophytes is still under investigation. In a recent study, Oidiodendron maius, one of the most common ErM fungi isolated from roots, sporulated in 99.6% of 288 natural peat samples placed in moist chambers without plant symbionts (Rice and Currah 2002) . This indicates both that O. maius is widely distributed in the soils of Canadian boreal peatland systems and that it can reproduce when growing saprotrophically. It is quite possible that other ErM fungi will be widely detected in the free-living state if appropriate sampling techniques are used (O. maius was detected at very low frequencies in peat using traditional isolation media). However, a fungus may be able to complete its life cycle as a saprotroph and yet still undergo an increase in fitness when symbiotic. A saving in metabolic energy would be expected if C is received in the form of simple sugars from the plant rather than from complex soil organic compounds. The extra energy available to the fungus could then be used in reproduction. Soil organic matter is not only a source of C, however, but also of nutrients such as N, P, and S. This is especially true in peaty soils, where most ErM plants of the Northern Hemisphere are found Read 1988a, 1988b) . Therefore, ErM fungi continue to secrete degradative enzymes, even in symbiosis Leake and Read 1989) , to release soluble forms of N and P. The necessity for enzyme secretion would reduce the benefit of the association to the fungus. Because the C/N ratio of peats is higher than that of fungal tissue (Brady 1974; Killham 1994) , C in excess of fungal requirements would be released during the mineralization of P and N. Under such conditions, the plant might, therefore, be considered to be parasitic on its mycobiont.
It has long been appreciated that orchid mycorrhizas (and other mycorrhizas formed by myco-heterotrophic plants (see Leake 1994; Taylor et al. 2002; Peterson and Massicotte 2004) are physiologically distinct from those mycorrhizas in which the plant partner is autotrophic. Seeds of these plants are often extremely small and all pass through a stage of dependence on an outside source of organic C, and probably also mineral nutrients such as P, supplied by their fungal symbionts (Smith and Read 1997) . This continues in adult achlorophyllous species, with the fixed C sometimes originating from soil organic matter, delivered by a saprophytic symbiont such as a Rhizoctonia spp. or from an EcM or AM plant that is connected to the myco-heterotroph via a mycorrhizal fungus (McKendrick et al. 2000; Bidartondo et al. 2002; Taylor et al. 2002) . In adult photosynthetic orchids, it is still unclear whether the fungi receive any fixed C from the plant (Alexander and Hadley 1985; Leake 1994; Smith and Read 1997) . Thus, mycorrhizas formed in heterotrophic plants are clearly different from others, and at this stage is seems highly unlikely that the symbioses are mutualistic; rather, the plants appear to be parasitic on the fungi, at least for part of their life histories (Smith and Read 1997; Gardes 2002; Taylor et al. 2002) . Because the physiology of these associations has been studied much less than other types of mycorrhizas, and because they appear to function in a very different way, we will not discuss them further in this paper.
Do mycorrhizal plants always benefit from the symbiosis?
Benefits to plants from mycorrhizal associations can accrue from a number of factors: increased nutrient supply, tolerance to pathogens, improved water relations or drought tolerance, reduced uptake of heavy metals, and effects on shoot or root architecture that can influence nutrient uptake or vegetative reproduction (Newsham et al. 1995; Grange et al. 1997; Smith and Read 1997; Streitwolf-Engel et al. 1997) . However, it is not always easy to determine the extent of benefit or the appropriate criteria to use to evaluate it, particularly as benefit can be investigated at a number of temporal and spatial scales, from the cellular to whole-plant to population or community levels and at different stages of plant ontogeny or community development. Although ecologists and evolutionary biologists consider the ultimate measure of benefit to be an increase in fitness (see Introduction), the effect of mycorrhiza formation on the relative contribution of a plant to the gene pool in the next generation is not easy to measure, even in annual plants. When it has been done, aspects of flower and seed production (fecundity by individual plants), as well as the growth of plants that develop from these seeds, have been the most common variables measured (Bryla and Koide 1990; Koide and Lu 1992; Carey et al. 1992; Newsham et al. 1994; Heppell et al. 1998; Philip et al. 2001) , although aspects of vegetative reproduction have also been considered (Strietwolf-Engel et al. 1997) . In long-lived plants, comparing the reproductive output of mycorrhizal and NM plants is essentially impossible. Such species may require a decade or more to become reproductively mature, and it would be an enormous logistical challenge to keep a plant growing in an NM state for such a period. For this reason, in mycorrhizal investigations benefit has been quantified most commonly by comparing nutrient accumulation or biomass of mycorrhizal and NM plants under different environmental conditions, usually related to nutrient supply. This may be a reasonable approach for herbaceous crop plants or ruderal plant species, if seed production is correlated with shoot biomass, but it is not necessarily appropriate for plants growing in undisturbed, natural environments or for long-lived perennials (Johnson et al. 1997) . For plant species that take many years to reach sexual maturity, lifetime fitness may be determined more by the ability to survive through occasional environmental extremes, such as nutrient or water limitation, than by rapid growth rates during more common, moderate conditions (Grime 1979; Chapin 1980) . If mycorrhiza formation increases tolerance to extreme conditions and these occur infrequently or heterogeneously, there may be a temporal separation of costs and benefits to the plant. In other words, there may be a net benefit to a plant during one year, or one time of year, and a net cost at another time. Finally, benefit may depend on the biological context in which the plant is growing, including plant and fungal assemblages, density, and so on. We will discuss these complicating factors in the following sections, but first, we will review the range of responses to mycorrhiza formation, both in terms of nutrient uptake and growth.
Are mycorrhizal fungi always involved in plant nutrient acquisition?
Increased growth rates in mycorrhizal plants have most often been attributed to increased nutrient uptake. For example, careful pot studies have demonstrated that positive plant growth responses to colonization by AM or EcM fungi under P-limiting conditions can be directly linked to increased P inflow (P uptake per unit length; note that this can be calculated either for the entire root system or for the mycorrhizal fungus only, but see following text for comment on the latter approach) (Stribley et al. 1980b; Smith 1982; Bougher et al. 1990; Jones et al. 1990 ). Mycorrhizas appear to increase nutrient acquisition, especially for elements that are immobile in soils, either because inorganic ions diffuse slowly (such as P, Cu, Zn, and Ca) or when (like both N and P) they are present in complex organic forms (Melin 1925; Read 1989a, 1989b; Tinker and Nye 2000) . Mycorrhizal stimulation of nutrient uptake is attributed to (i) uptake by fungi from soil beyond the depletion zones that can develop around roots, (ii) production of degradative extracellular enzymes or organic acids by the fungi, and (or) (iii) the ability of fungi to translocate nutrients faster than they could diffuse through soil (Bolan et al. 1983; Smith and Read 1997; Wallander 2000; Simard et al. 2002) .
In ectomycorrhizas the fungus must influence uptake, because the mantle completely surrounds absorbing rootlets and nutrients can only reach the root cells via the fungus. Whether this movement is apoplastic or symplastic (as clearly demonstrated in some EcM symbioses; Ashford et al. 1989; Vesk et al. 2000; Bücking et al. 2002) , there is obvious opportunity for marked and direct fungal influence on the uptake processes, and uptake by an ectomycorrhiza may be quite different from uptake by NM rootlets. Nevertheless, EcM fungi differ in their effects on nutrient uptake by plants. In a recent field experiment Jones et al. (M.D. Jones, F. Grenon, H. Peat, L.J. Philip, and R. Bradley, unpublished data) injected 15 N-labelled nitrate or ammonium into soil surrounding 14-month-old Picea engelmannii seedlings to compare N uptake both between mycorrhizal and NM seedlings and amongst seedlings colonized by different EcM fungi. Interestingly, similar amounts of 15 N were accumulated by NM and mycorrhizal seedlings (approximately 20% of seedlings remained colonized at this subalpine site after 12 months of growth in the field); however, there were significant differences amongst the mycorrhizal seedlings, depending on the fungal symbiont (Table 1 ). In particular, under these conditions, where soil was not disturbed and a natural soil microflora was present, seedlings colonized primarily by Wilcoxina sp. absorbed significantly more 15 N from nitrate than did seedlings froming primarily Amphinema or Mycelium radicis atrovirens mycorrhizas. Seedlings forming primarily Mycelium radicis atrovirens mycorrhizas accumulated less 15 N, on average, that did NM seedlings, even though their mean dry mass was higher. The mutualistic nature of the fungi forming Mycelium radicis atrovirens mycorrhizas has frequently been questioned (e.g., Jumpponen 2001), even when, as in this case, the root tips colonized by these fungi had a mantle (albeit a thin one) and a Hartig net. Perhaps this is an example where an EcM fungus falls within the commensal portion of the parasitismmutualism continuum.
The special opportunity for EcM fungi to influence nutrient uptake because of their location between root tissues and the soil has long been appreciated (Harley 1969) . However, in arbuscular or ericoid mycorrhizas, where fungus-plant interfaces are "intracellular" (see Peterson and Massicotte 2004) , there are two potentially independent pathways of P uptake: through the epidermis and via the fungal pathway to the root cortex. It is generally assumed, despite several suggestions to the contrary (Jakobsen 1995) , that mycorrhizal colonization (either directly or via changes in P nutrition) has no effect on uptake by the root and that the two pathways act strictly additively. Hence, the AM fungal contribution to uptake has been determined by subtraction (uptake by AM fungus = nutrient content of AM plant -nutrient content of NM plant) and used to determine mycorrhizal influences, including "inflow" via the mycorrhizal pathway. Under conditions where nutrient supply is high, as well as in some unresponsive plant-fungus combinations (see following section), nutrient content may be no greater in AM than in NM plants, leading to the conclusions that the AM fungi make no contribution to uptake (Smith et al. 1986 ) and that there is no nutritional benefit of the mycorrhizal condition. Use of tracers, particularly 33 P and 32 P, supplied to AM fungi (but not roots) in compartmented pots has provided direct evidence that this simplistic view is incorrect. The mycorrhizal uptake pathway has been shown to make highly significant contributions to P uptake in nonresponsive cucumber (Pearson and Jakobsen 1993) and barley (Zhu et al. 2003) grown in pots and wheat grown in the field (Schweiger and Jakobsen 1999) . In these examples the fungal contribution could not be accurately quantified, because the specific activity of available P in the labelled soil was not determined and the significance of the findings has not been widely appreciated. However, recently Smith et al. (2003b) have quantified the fungal contribution to P uptake in nine plant-fungus combinations of varying responsiveness with respect to growth and P uptake (Fig. 1) . As expected, the fungi made substantial contributions in plants that responded to colonization at the whole-plant level, but the contributions determined from transfer of 33 P were, in several cases, higher than predicted from P contents. More surprisingly, in two other combinations, the fungus took up a high proportion of the P, but with no overall increase in plant P content. This implies that transfer of P via AM hyphae to the plant can severely suppress or eliminate P uptake from the soil directly by roots.
In these two cases, growth was depressed compared with NM plants. The results illustrate several important points: (i) fungi may make higher contributions to P uptake than previously appreciated, (ii) transfer of P from fungus to plant does not necessarily mean that the plant will accumulate more P or be able to grow more, (iii) a great range of interactions between plants and mycorrhizal fungi can be detected at the physiological level, and (iv) results using the "subtractive" approach to determining P inflow via mycor- Note: Nonmycorrhizal seedlings had been planted 12 months earlier and allowed to become mycorrhizal in situ. Some seedlings remained nonmycorrhizal, and some formed only one morphologically distinct type of mycorrhizal. Data from only these seedlings are presented. Values shown are means ± SE, as back-transformed from log 10 data. Means followed by different letters differ from others in the column according to a Tukey-Kramer honestly significant difference test at α = 0.05 (M.D. Jones, F. Grenon, H. Peat, L.J. Philip, and R. Bradley, unpublished data). Seedlings were classified as nonmycorrhizal when no root tips were covered with a mantle. Seedlings were classified as being colonized primarily by one fungus if at least 30% of root tips were colonized and at least 80% of those were colonized by the same fungus. rhizal fungi are likely to lead to serious underestimates of fungal activity. Importantly, the results show that there can be reciprocal movement of nutrients (in this case P and organic C) in the absence of growth or nutrient responses at the whole-plant level. The reciprocal movement certainly falls within some definitions of mutualism, and these findings will be discussed in more detail later.
Does mycorrhiza formation always result in increased plant growth?
As indicated previously, there is increasing recognition (particularly for arbuscular mycorrhizas) of the enormous diversity in outcomes of symbiosis in different plant-fungus combinations. Growth depressions associated with mycorrhizal colonization have been regularly, but infrequently, reported both in carefully controlled pot experiments and in the field. For example, they have been observed in reinoculated AM plants grown in sterile soil ( Fig. 2 ; Son and Smith 1988; Clapperton and Reid 1992; van der Heijden et al. 1998b; Hart and Klironomos 2002; Klironomos 2003) , EcM conifers grown in nurseries (Stenström et al. 1990 ), AM citrus in fertilized agricultural soils (Graham and Eissenstat 1998) , and AM crops in nutrient-poor tropical soils (Khasa et al. 1992) . It is important to remember, however, that it is difficult to establish adequate controls for AM fungal treatments and that some of these results could be due to confounding effects of other microbes (Koide and Li 1989) . Sometimes greenhouse experiments are conducted in sterile soil with AM roots added to mycorrhizal treatments and NM or autoclaved roots added to control treatments. With this approach, it is possible that pathogenic fungi could be introduced along with the mycorrhizal inoculum. A common approach in field experiments is to reduce AM colonization in some treatments by sterilizing or applying fungicide to the soil. This treatment reduces both AM and pathogenic fungal inoculum, and hence any negative plant growth response must be interpreted carefully to determine whether it is due to the presence of AM or pathogenic fungi (Newsham et al. 1994) . In spite of these concerns, it is quite clear that colonization by EcM or AM fungi sometimes causes growth reductions in plants.
Even in fungus-plant combinations where mycorrhiza formation increases P uptake, plant growth rate does not always increase (e.g., Oliver et al. 1983; Abbott and Robson 1984; Adjoud et al. 1996) . The range of possible responses, both in terms of P uptake and growth response, is illustrated by the results of Helgason et al. (2002) , who inoculated five native AM plants with four of their co-occuring AM fungi. They found that some AM fungi increased the growth of some plants in direct proportion to the increase in P accumulation (Fig. 3) . The most common response, however, was an increase in plant biomass that did not match the increase in P content (milligrams per plant), thereby resulting in increasing P concentrations in plant tissues. This response to colonization has been observed frequently since the very first physiological investigations of AM symbioses and was one of the clues that led to the identification of P nutrition as one of the major potential benefits of AM colonization (Mosse 1973) . As outlined by Stribley et al. (1980a) , the most likely explanation is that some of the potential gain in plant biomass due to improved nutrition is "lost" because of the transfer of C to the fungus and the plants are C rather than P limited. For some of the plant-fungus combinations in the Helgason et al. (2002) experiment, increased P acquisition did not result in any increase in plant biomass, and this mechanism was probably responsible.
Under conditions of adequate irradiance, both AM and EcM plants frequently have higher photosynthetic rates than NM plants, and although this has sometimes been ascribed to improved nutrition, it can occur even when both groups of plants receive adequate nutrients (Koch and Johnson 1984; Brown et al. 1988; Dosskey et al. 1990; Eissenstat et al. 1993) . In these cases, higher photosynthetic rates seem to be driven by increased sink strength induced by the fungus and therefore do not necessarily result in increased plant growth (Wright et al. 1998; Staddon et al. 1999; Miller et al. 2002) . For example, Wright et al. (1998) found that if nutrients were supplied to Trifolium repens so that NM plants had the same N and P content as AM plants, then photosynthetic rates increased, but no growth increase was observed. Staddon et al. (1999) found that mycorrhiza formation caused higher photosynthetic rates in Plantago lanceolata grown under elevated CO 2 , even though NM plants were supplied with adequate soluble P. Much of the additional fixed C did not end up in increased plant biomass, and the authors attributed the higher photosynthetic rates to higher root or fungal respiration or to dark respiration by the shoot. Miller et al. (2002) observed higher net C gains (assimilation rate multiplied by plant size) in AM than in NM Andropogon geradii plants, but with no increase in plant biomass. Because, in this case, AM and NM plants were matched in terms of N/P ratios in their tissues, the authors concluded that the increased C gain was driven strictly by C demands of the fungus rather than by a nutritional effect. All these studies illustrate that transfer of C from the plant to the fungus can occur in the absence of a growth benefit to the plant, although it would not be considered actually detrimental if the plant can increase its photosynthetic rate to match the demand (Tinker et al. 1994; Johnson et al. 1997) . Any reduction in plant size, such as that observed by Son and Smith (1988) under low irradiance, could affect the ability of the plant to compete for light and other resources, but it may be that the high nutrient capitals (independent of growth responses) could be used in later vegetative or reproductive growth (Quoreshi and Timmer 2000; Helgason et al. 2002) . Indeed, increased seed P status in mycorrhizal plants may be an important contributor to fitness (see later section).
Alterations in biomass allocation between different plant parts further complicate discussions of plant growth response. Some plant species show a highly plastic response to increased nutrient status, decreasing root biomass in favour of photosynthetic shoot tissue. Similar changes are frequently observed in AM and EcM plants, although responses vary (Harley 1984; Jones et al. 1990 Jones et al. , 1991 van der Heijden et al. 1998b) . We presume that hyphae provide a more economical (in terms of biomass) means of exploiting soil resources (Simard et al. 2002) . Even so, shoot growth may not always be greater in mycorrhizal than in NM plants. Arbuscular mycorrhizal fungi can also influence the growth form of aboveground biomass (Streitwolf-Engel et al. 1997) , making the interpretation of plant growth response difficult.
Whether a plant grows faster after becoming mycorrhizal may also depend on the nutrient deficit of the plant. Nutrient deficit, as defined by Koide (1991) , is the combination of nutrient supply by the soil and nutrient demand by the plant. Because of slow growth rates, long-lived tissues, and efficient nutrient reallocation, some plants have inherently low nutrient demands (Chapin 1980; Smith et al. 2003a) . Hence, these plants may show little whole-plant response to either added fertilizer or mycorrhizal colonization, particularly in situations when nutrient uptake is the main benefit of colonization (Janos 1987; Koide 1991; Smith and Smith 1996) . However, there are fast-growing species (such as cultivated cereals) that show little or no mycorrhizal responsiveness, and it might equally be argued that "inherent slow growers should show large mycorrhizal responsiveness because slow growth of NM roots will result in a greater probability of nutrient depletion" (Smith et al. 2003a ). In summary, whether a negative or positive growth response occurs will depend on the environment in which the mycorrhizal plant is found (particularly with potentially limiting factors such as nutrients or light), on the genotype of the plant (and hence on the root architectural and physiological strategies), and on the genotype of the fungus (and hence factors contributing to "efficiency"). We review the importance of these variables in the following sections. Smith et al. (2003a) provide a summary of additional factors that may influence mycorrhizal responsiveness of autotrophic plants (see Table 11 .3 in Smith et al. 2003a ).
Variation in growth response depending on abiotic environment
In pot studies, positive growth responses of plants to colonization by AM, EcM, or ErM fungi typically disappear once available nutrients in soil reach concentrations that no longer limit plant growth (e.g., Oliver et al. 1983; Abbott and Robson 1984; Jones et al. 1990; , although this is not always the case (e.g., MacFall and Slack 1991). This is frequently, but certainly not always, associated with reduced colonization (e.g., Zhou and Sharik 1997) . When colonization is maintained it is not unusual to find that mycorrhizal plants are equal in size or even smaller than NM plants (Oliver et al. 1983; Stenström et al. 1990; Graham 2000 and references therein). These growth reductions can be sizeable enough to be of concern in agronomic or forestry applications. For example, citrus grew 9%-14% faster in the field after benomyl application, which reduced AM colonization but had no apparent effect on pathogens (Graham and Eissenstat 1998) . Such growth reductions are attributed to decreased benefit com-bined with no decrease in cost of the association to the plant (Johnson et al. 1997; Graham 2000) . In these situations the fungus may be considered to be parasitic on the plant, but again the distinction between whole-plant and cellular processes needs to be taken into consideration.
Growth responses to formation of arbuscular mycorrhizas are lower, and actual depressions are more likely to occur, in poor light (e.g., Son and Smith 1988; Facelli et al. 1999) . This is consistent with the C demand of the fungus discussed previously. Although, formation of ectomycorrhizas often declines at low irradiance, no consistent interactions between ectomycorrhiza formation and irradiance on plant growth have been found (Reid et al. 1983; Zhou and Sharik 1997) . Interestingly, Simard et al. (1997) found increased photosynthetic rates associated with colonization of Douglas-fir by certain EcM fungi, even in deeply shaded forests. After finding that ectomycorrhiza formation on Quercus rubra was highest at intermediate levels of forest canopy cover, Zhou and Sharik (1997) characterized the symbiosis as "fungal parasitism" on the plant at low irradiances and "plant parasitism" on the fungus at high irradiances. Clearly, light is an important environmental factor that influences the response of plant and fungus to the symbiosis. The same is true for soil moisture status (Duddridge et al. 1980; Kothari et al. 1990; Augé 2001) and, undoubtedly, other components of the abiotic environment.
Differential benefit depending on biological environment
Whether a plant exhibits a positive or negative response to colonization also depends on the biological environment of the plant, including both soil microbes and other plants. For example, it is clear that ectomycorrhizas sometimes do not form without the appropriate complement of bacteria in the rhizosphere (Garbaye 1994) . Mycorrhizal fungi can also interact in complex ways with symbiotic N-fixing bacteria. In a pot study where inoculation with two AM fungi had no overall effect on growth or nutrient uptake by Pisum sativum, there was a strong interaction between a Rhizobium strain and an AM fungal isolate (Xavier and Germida 2003) . One AM fungal isolate significantly decreased the growth and N nutrition of plants inoculated with an effective Rhizobium strain, whereas a second isolate significantly enhanced the growth of these plants. There was no effect of AM inoculation on pea plants colonized with less effective Rhizobium strains. Egerton-Warburton and Allen (2001) found that different types of mycorrhizal fungi can interact to affect growth of Quercus agrifolia. Colonization by EcM or AM fungi alone increased plant survival, uptake of N and P, and growth, but none of these responses occurred when seedlings were colonized jointly by both types of mycorrhizal fungi. Because dual colonization is typical of young seedlings in the field, the authors hypothesize that mycorrhizal benefit is unlikely at this growth stage. It is likely to increase as the trees age, however, because they lose arbuscular mycorrhizas and become exclusively ectomycorrhizal. Although mycorrhiza formation can reduce damage caused by some root pathogens (e.g., Sylvia and Sinclair 1983; Duchesne et al. 1989) , it can stimulate colonization by other parasites (see Dehne 1982 and references therein). Sanders et al. (1993) found increased infection by dodder in AM plants, although in this case, biomass production was still higher in AM than in NM plants, in spite of the presence of dodder. Schönbeck and Dehne (1979) found increased fungal parasitism on aboveground parts of AM plants. Soil microfauna such as earthworms, nematodes, and collembola can influence the nature of the interaction between mycorrhizal fungi and plants by disrupting hyphae, increasing hyphal turnover, providing sources of nutrients, or acting as plant pathogens, among other things (Larsen and Jakobsen 1996; Jothi and Sundarababu 2001; Bakonyi et al. 2002; Founoune et al. 2002; Tuffen et al. 2002) .
Most experiments have examined the impact of mycorrhiza formation on plants growing individually in pots. As pointed out by Johnson et al. (1997) , the challenge of quantifying net benefit to plants is to do so at the appropriate scale. In some contexts, it is the performance of individual plants as members of populations and communities that may be of interest, because this will affect the species composition and diversity of communities. This has been addressed by varying the density and species composition of plants in pot or microcosm studies. Several such studies have found that AM colonization is less likely to stimulate plant growth when seedling density is high, even if concentrations of soil P are low (Facelli et al. 1999 ; D.P. Schroeder and M.S. Janos, unpublished data). The variation in seedling growth response was also more variable at higher densities. Along similar lines, Kytöviita et al. (2003) found that inoculation with some AM fungi stimulated growth of seedlings of four native plant species grown at high density, but not when they were competing with larger, established seedlings. By contrast, Shumway and Koide (1995) found that weak AM colonization had no effect on the biomass-density relationship during self-thinning of Abutilon threophrasti, although it did influence fitness (see below). Taken together with the study of Egerton-Warburton and Allen (2001), these studies suggest that mycorrhiza formation could contribute to self-thinning in some plant populations and may benefit plants in these populations only once they are larger and the density has decreased. Another study (D.P. Schroeder and M.S. Janos, unpublished data) points out that plants in less dense populations more closely resemble plants in pot studies, for which positive plant growth responses have been found repeatedly.
Many studies have shown that the presence of AM inoculum can alter the balance between competing species, which frequently have different strategies for nutrient acquisition, thereby making mechanistic comparisons difficult (Grime et al. 1987 ; see Smith and Read 1997 and references therein; Bever et al. 2002) . A recent study by Cavagnaro et al. (2004) has shown that mycorrhiza-induced increases in plant growth may only be apparent at the community level. Using wild-type tomato (AM) and an NM mutant derived from it to simulate competition between an AM and nonhost species with the same growth and nutrient uptake rates, they showed that there was no difference in growth of the two genotypes when grown separately, either singly or at four plants per pot; the AM wild type was unresponsive to mycorrhizal colonization and therefore apparently received no "benefit" at the whole-plant level. However, when the two genotypes were grown together in a replacement series, the wild-type plants responded positively to inoculation in terms of biomass per plant, and the extent of the increase was related to the intensity of the competition from the NM (mutant) plants. As AM tomato does receive considerable P via the mycorrhizal uptake pathway, despite lack of P or growth response ( Fig. 1 ; Smith et al. 2003b ), the results suggest that increased ability to compete with the NM plant for limited soil P resources is the basis for the growth increase and that mutualism was expressed only in a community situation. Similarly, Hodge (2003) found that Glomus hoi stimulated N uptake by both Plantago lanceolata and Lolium perenne when they were grown together in mixtures, but not when they were grown in monocultures. There has been only one equivalent study with EcM plants. Pinus ponderosa and Pseudotsuga menziesii (Douglas-fir) mutually inhibited each other in an addition series when both were colonized with Thelephora terrestris, but when inoculated with several other EcM fungi this mutual inhibition disappeared (Perry et al. 1989) . Instead, growth of Douglas-fir was stimulated because of increased uptake of P and N at the expense of luxury uptake by ponderosa pine. The net effect of mycorrhiza formation on plant competition may depend on whether the dominant plant in the microcosm studies is mycorrhiza responsive or not (O'Connor et al. 2002; Urcelay and Diaz 2003) .
Variation in growth response depending on plant and (or) fungus genotypes
It is well established that there is considerable variation in the mycorrhizal responsiveness of different plants, whether they are crops or native species. In the last few years there has been an increasing realization that mycorrhizal fungi are also highly diverse with respect to effectiveness. Figure 1 illustrates these points, showing not only marked differences in responsiveness of different plant species, but also that Gigaspora rosea was, for all three plant species tested, a less effective symbiont than either Glomus caledonium or Glomus intraradices.
Recently, there have been several studies that have ambitiously attempted to determine the range of responses of native plant communities to colonization by AM fungi. For example, when communities of 11 herbaceous plants were established in sterile, unfertilized microcosms of calcareous grassland soil from Switzerland and inoculated with four AM fungi, either singly or as a group, 37 plant-fungus combinations resulted in larger mean plant size than in uninoculated communities, and 17 combinations resulted in mean growth depressions (van der Heijden et al. 1998a (van der Heijden et al. , 1998b . The overall mean biomass of the inoculated communities was the same as or lower than that of the uninoculated communities, depending on the fungus. Of 110 combinations of 10 plant species and 11 AM fungal species isolated from an old field in southern Ontario, Canada, and grown individually in fertilized, sterile field soil, 47 resulted in growth stimulations for the plant and 53 resulted in growth depressions (Klironomos 2003) . Seventy-three of the combinations resulted in biomass changes of less than 25% but the range was from a growth depression of 49% to a growth increase of 46%. Interestingly, when 64 different herbaceous plants were inoculated with an isolate of Glomus etunicatum from the same site, a normal curve of growth responses resulted (Fig. 2) , with a median biomass that was the same as uninoculated plants (Hart and Klironomos 2002; Klironomos 2003) . This means that most plants exhibited minimal growth responses, and equal numbers of species showed positive or negative growth responses. Other studies that compared native plants and their co-occuring AM fungi found only a few (e.g., Wilson and Hartnett 1998) or no growth reductions relative to NM plants, even with added P (e.g., Helgason et al. 2002) . Nevertheless, taken as a whole, these studies indicate that a wide range of responses to AM fungi is possible and that parasitic responses, at least over the short term (see also Smith 1980) , may be more common than acknowledged even by Johnson et al. (1997) . They also indicate that plant and fungal genotypes interact strongly in determining the response of the plant to colonization by the fungus, although the mechanisms underlying the variation have not yet been elucidated. These studies were all performed on sterilized soils in greenhouses, and in some cases the soils were fertilized, which would be expected to shift plant response to inoculation in a negative direction; therefore, the results must be treated with caution. Furthermore, mycorrhizal responsiveness in pots may not predict the response of a plant species to colonization when it is growing in a community (O'Connor et al. 2002) .
There have been no equivalent studies comparing the response of a large number of EcM or ErM plants to colonization by a range of mycorrhizal fungi, but it seems clear from inoculation trials of EcM fungi for plantation forestry that a range of postive and negative plant growth responses are likely, even to different isolates of the same fungal species (Burgess et al. 1994; see Jones et al. 2003 and references therein) .
Based on their comparisons of a large number of plant -AM fungal combinations, both van der Heijden et al. (1998b) and Klironomos (2003) reject the idea that any plant species has a consistent mycorrhizal dependency. Instead, growth responses of a plant will vary with the fungal isolate involved as well as with soil nutrient status, competitive interactions, etc. In unsterilized soil, plants are colonized by a large number of AM species simultaneously, and the combination of different strategies in P uptake and indeed in C demand would be expected to modify the outcomes (see Jakobsen et al. 2002 and references therein) . Nevertheless, there are plant species that (in single-species pot experiments) do not appear to respond to mycorrhizal colonization, and several plant characteristics seem to be linked with a reduced positive response or indeed a negative response. Native plants that exhibit negative or no responses to AM fungi tend to (i) have lower tissue P concentrations when NM (Adjoud et al. 1996) ; (ii) be ruderals (Philip et al. 2001) , annual plants, or perennial cool-season grasses (Hetrick et al. 1991; Wilson and Hartnett 1998) ; or (iii) have fine, highly branched roots (Baylis 1975; Bryla and Koide 1990; Smith and Smith 1996 ; and see Smith et al. 2003a) . Citrus varieties that grow more slowly than others after AM colonization tend to have higher nonstructural carbohydrates in the roots and higher respiration rates than other varieties when NM (Peng et al. 1993; Graham et al. 1997) . Johnson et al. (1997) hypothesized that native plants would be more likely than agricultural plants to show positive responses to mycorrhizal fungi, because the two symbionts had evolved together. However, Koide and coworkers have found the reverse to be true when they compared wild versus cultivated varieties of tomato and oats (Koide et al. 1988; Bryla and Koide 1990) . They hypothesize that native genotypes have adaptations for growing in nutrient-deficient soils that have been lost during the breeding of cultivated varieties. The likelihood that these and other traits, such as root/shoot ratio, growth rate, root hairs, and tissue nutrient concentrations can be used to predict mycorrhizal responsiveness is discussed in detail in Smith and Smith (1996) .
We can also ask whether some mycorrhizal fungi are more likely than others to cause growth depressions in plants, given appropriate conditions (Johnson et al. 1997 ). In the studies by Klironomos (2003) and van der Heijden et al. (1998a) , no fungus stimulated or inhibited the growth of all plant species. Nevertheless, Graham (2000) suggests that fungi that exhibit rapid rates of colonization in high-nutrient soils are those most likely to inhibit plant growth under these conditions. Interestingly, Helgason et al. (2002) found that Glomus hoi, the most aggressive colonizer amongst four naturally co-occuring AM fungi, stimulated growth and P content of Acer pseudoplatanus to the greatest extent, regardless of whether 0 or 27 ppm P was added to pots. Other fungal traits that may influence mycorrhizal responsiveness to a particular fungus include extent of external hyphae, colonization rate, and the rates at which nutrients and C are translocated and delivered (see Smith and Smith 1996) .
The complexity of the interactions amongst plants and mycorrhizal fungi in the field is enormous because of the high diversity of both plant and fungal communities. In EcM communities, high fungal diversity is viewed positively, with the hypothesis being that association with a number of physiologically diverse fungi will benefit an individual tree by maximizing access to nutrients from a range of soil substrates (Amaranthus and Perry 1994; Hagerman et al. 1999; Baxter and Dighton 2001; Jonsson et al. 2001) . For example, Ogawa (1985) describes a range of foraging strategies by EcM fungi growing in a Japanese forest. Similarly, a combination of hyphal foraging strategies by AM fungi colonizing the same plant may increase the effectiveness of an AM root system to scavenge nutrients at different distances from the root (Koide 2000 ). When we consider that different plants vary in growth response to the same fungus, as discussed above, and that mycorrhizal fungi also vary in their responses to different plants (see Bever et al. 2002) , then predicting the response of the entire community becomes complex. For example, in some cases a fungus will increase productivity of one plant species more than that of another and yet have higher fitness (as measured by spore production) when associated with the plant that shows the lesser growth response (Bever et al. 2002) . In these cases of negative feedback, a fungus would be expected to have higher fitness in a diverse plant community than in a community comprising primarily the plant species whose growth it stimulates the most (Bever et al. 2002) .
The importance of determining fitness
Almost all of the studies discussed previously evaluated benefit to mycorrhizal plants in terms of biomass production or nutrient content, often in single species grown alone. This is understandable given that these variables are easy to measure. For crop plants, they may even be important in their own right. Nevertheless, ecological and evolutionary definitions of mutualism invoke fitness as the appropriate measure of benefit to symbionts. Fitness is also the most effective variable for integrating the multiple effects that symbioses can have on plants, including non-nutritional effects, which can be difficult to evaluate.
Evidence of increased fitness in mycorrhizal plants
Plant fitness can be evaluated by many methods, but the most common approaches are to quantify the survival of plants, their subsequent fecundity, and the growth and survival of their offspring. Fecundity has occasionally been measured on AM plants, but rarely in the field. This is partly because it can be difficult to maintain control plants in an NM state after outplanting. Two major approaches have been used in field experiments: (i) fumigation or steam sterilization of plots followed by reintroduction of AM fungi or (ii) fungicide application to reduce colonization. Both have their drawbacks, which are discussed by Hartnett and Wilson (2002) . Fumigation kills the soil microflora and fauna in both treatments and thus eliminates any interactions between AM fungi and other soil organisms. Fungicides reduce other active fungi, in addition to AM fungi, in the sprayed plots and tend to reduce AM colonization rather than eliminating it altogether (Carey et al. 1992) . Although these field approaches are to be commended because they are more realistic than greenhouse studies, it must be emphasized that these methodological constraints prevent us from determining the effects of mycorrhiza formation on plant fitness under truly realistic soil conditions. Furthermore, because EcM plants typically require a very long period to reach maturity, it is effectively impossible to compare the fecundity of EcM and NM plants; therefore, our evaluation of fitness is restricted to the effects of ectomycorrhiza formation on survival of young plants.
Early indication of the importance of ectomycorrhizas to the survival of conifer seedlings came from observations of conifer nurseries in the 1930s. Under the conditions used at the time, growth and survival of most seedlings was poor, with little mycorrhiza formation; however, patches of larger seedlings with healthy foliage and higher nutrient contents were often observed and these were usually mycorrhizal (McComb 1938) . When nursery beds were inoculated with small amounts of forest soil, such that red and white pine (Pinus rubra and Pinus strobus) formed ectomycorrhizas but soil nutrient contents were not increased, seedling growth improved substantially (Mitchell et al. 1937) . Although specific data on seedling survival is not presented in any of the early papers, references to "forest nursery and plantation failures" (Mitchell et al. 1937 ) and the lack of any P uptake in the absence of mycorrhizas (Hatch 1937; Stone 1949) make it clear that NM seedlings were not developing normally. Unfortunately, even recent studies on the survival of EcM or AM seedlings in the field are primarily correlative, like these earlier examples, and do not allow us to separate cause and effect. For example, there is circumstantial evidence that formation of mycorrhizas allowed conifer seedlings germinating on volcanic ash to survive over the winter period (Allen 1987) , lodgepole pine seedlings to survive in hot, dry soils (Miller et al. 1998) , and cotton to survive at low temperatures (Zak et al. 1998 ).
The vast majority of published studies on the effect of mycorrhizas on seedling survival have been conducted under laboratory conditions on micropropagated plants during the acclimation phase, when they are transplanted into pots. In most cases, inoculation with AM (e.g., Naqvi and Mukerji 1998; Gaur and Adholeya 1999) , EcM (Martins et al. 1996) , or ErM (Starrett et al. 2001 ) fungi increased both growth and survival. Although these studies occurred under highly artificial conditions, they may have some relevance to natural settings in that the acclimation phase can be a time of high stress for plantlets. In a more realistic microcosm study, plants from calcareous grassland (Grime et al. 1987) were grown from seed in trays with Festuca ovina (the grassland dominant), colonized or not by naturally occurring AM inoculum. There were marked differences, not only in growth of the different plant species, but also in their survivorship. All the AM species survived better in the inoculated treatments, whereas the reverse was found for plant species that are constitutively NM.
A few controlled studies have confirmed that mycorrhizas influence seedling survival in the field. For example, inoculation of nursery beds with pure cultures of EcM fungi produced normal seedling growth (Hatch 1936; Young 1936; Rayner 1938) , thereby providing the first strong evidence that ectomycorrhizas were directly responsible for the differences in growth amongst seedlings. Much more recently, Roldan-Fajardo (1994) found that inoculation of six native plants with Glomus aggregatum substantially increased survival in an arid field. As discussed above, most of these studies required some kind of soil perturbation to establish the mycorrhizal and NM treatments and, as such, cannot be considered to represent truly realistic soil conditions. Nevertheless, the body of evidence from the published literature is that formation of arbuscular or ectomycorrhizas increases seedling survival under many conditions.
Work on the effect of mycorrhiza formation on fecundity occurred later. For example, Daft and Okusanya (1973) showed that petunia flowered earlier and produced more flowers, maize produced more pollen, and strawberry produced more flowers and fruits when inoculated with AM fungi in fertilized sand culture. Koide and his coworkers also found increased survival and fecundity of several AM plant species along with increased growth rates and fecundity of their offspring (Stanley et al. 1993; Shumway and Koide1994; Koide and Lu 1995; Heppell et al. 1998) . By contrast, Wright et al. (2000) found that colonization of one Holcus lanatus genotype by Glomus hoi depressed flower biomass, and Philip et al. (2001) found no effect of AM colonization on overall reproductive output per plant of Lythrium salicaria (purple loosestrife). Thus, greenhouse studies demonstrate no consistent response of fecundity to formation of arbuscular mycorrhizas.
Only a few studies have compared the fecundity of mycorrhizal and NM plants in the field, especially under natural conditions. Carey et al. (1992) found that suppression of AM fungi, through the application of benomyl, increased fecundity of Vulpia ciliata subsp. ambigua at one site, but decreased it at another. The study of Shumway and Koide (1995) is especially interesting because it was conducted at different densities, under field conditions (albeit on fumigated soil). In this case, AM Abutilon theophrasti plants from early cohorts, or planted at low densities, produced seeds with larger individual masses than those of NM plants. There was no difference in fecundity between AM and NM plants at high density. One highly significant investigation studied the growth and P budget of the woodland plant Hyacinthoides non-scripta (English bluebell) over its entire life cycle (Merryweather and Fitter 1996) . This is an obligately mycorrhizal geophyte, which can only maintain a positive P budget when AM, as it loses a great deal of P during annual death of leaves and roots. Interestingly, fieldgrown plants drenched with benomyl, which reduced AM colonization, showed reduced P concentrations in vegetative parts, but maintained seed P at the same concentrations as AM controls for 1 year. The plants were apparently protecting their reproductive structures by selective P allocation but could not maintain this for a second year when NM; the reduced P concentration in the flowers of benomyl-treated plants suggested that AM colonization is important to fecundity in Hyacinthoides non-scripta. In summary, and bearing in mind the methodological constraints mentioned previously, it is clear that mycorrhiza formation can increase the fecundity (and therefore fitness) of AM plants, although the results depend on plant genotype and environmental conditions. There is also good evidence that mycorrhiza formation affects fitness of EcM plants by increasing initial establishment of seedlings.
Growth response and fitness are not always positively correlated
Given that most experiments measure plant growth and not fitness, it is important to realize that these two variables are not necessarily correlated. It is possible for some mycorrhizal fungi to have no effect on or to suppress growth under some conditions and yet increase fitness over the long term. For example, (Copeman et al. 1996) found that AM fungi isolated from a saline site depressed growth of tomato compared with NM plants or with plants inoculated with AM fungi isolated from a nonsaline site, even when grown under saline conditions. However, the smaller AM plants were expected to have the highest survival under field conditions, because they accumulated chloride at the slowest rate when exposed to conditions of moderate salinity (salinity stress at this high-Ca site was expected to come from chloride, not sodium). Inoculation of micropropagated cuttings of Pinus pinaster or Pinus sylvestris with some isolates of Hebeloma cylindrosporum depressed seedling height by up to 40%, but increased survival by 17% during the period when the seedlings were being acclimated to the open air (Normand et al. 1996) . Fecundity can also be affected differentially from growth. For example, when Avena fatua (wild oats) plants became mycorrhizal, they produced more biomass and accumulated more N than NM plants, but flowered for a shorter length of time and tended to produce seeds with a reduced individual mean mass (Koide et al. 1988) . Colonization by Glomus aggregatum depressed the biomass of plants of the long morph of Lythrium salicaria (purple loosestrife) under fertilized greenhouse conditions but without an overall effect on pollen or ovule production per plant (Philip et al. 2001) . Helgason et al. (2002) found that Archaeospora trappei was the only one of four AM fungi to stimulate flowering in Lysimachia nummularia over the course of their experiment, even though two other AM fungi stimulated accumulation of P and plant dry mass to a much greater extent. They also speculated that their slowest growing treatments might be expected to have high vegetative reproductive rates in the following spring, fuelled by higher shoot P concentrations. Streitwolf-Engel et al. (1997) also found that the effect of AM fungi on vegetative reproduction could be independent of their effect on overall plant biomass. In general terms, therefore, it appears that the response of overall biomass production to mycorrhiza formation is not a reliable predictor of fitness, as measured either by survival, fecundity, or asexual reproduction.
Temporal separation of nutrient flow to plant and fungus
Another factor that reduces the usefulness of short-term experiments in determining mutual benefit to mycorrhizal symbionts is that maximum C transfer to the fungus (possible cost to the plant) and maximum inflow of nutrients (typical measurement of benefit) may be offset in time. Jones et al. (1991) found that maximum P inflow occurred shortly after colonization in EcM willow growing in pots, whereas the amount of C transferred below ground did not increase until several weeks later. This meant that the cost/benefit ratio varied substantially over the course of the experiment. Under natural conditions, where nutrient uptake may occur in flushes throughout the year (Sanders and Fitter 1992) , the presence of mycorrhizas may be a net cost to the plant at certain times of year (unless the plant can increase its photosynthetic rate sufficiently to compensate; see Miller et al. 2002) and a net benefit at other times. One obvious example of this is the extra C required by EcM fungi in the fall to produce large fruit bodies (Vogt et al. 1982) or extramatrical hyphae (Wallander et al. 2001 ). Högberg and Högberg (2002) estimated that such extramatrical hyphae could constitute 30%-40% of microbial biomass in northern coniferous forests. A second example is the high nutrient demand of decidous trees as their buds flush, this being at a time when the photosynthetic capacity of plants to meet C demands of mycorrhizal fungi is restricted.
Three studies give some suggestion that this phenomenon occurs in the field. First, the detailed calculation of P budgets and life history of Hyacinthoides non-scripta growing under natural conditions suggest that there is likely temporal separation between maximum C allocation to the AM fungi and maximum P inflow into the plant. The data of Fitter (1995a, 1995b) indicate that the highest C demand by the fungi is likely to be from September through January, when the roots grow from the bulb and become colonized, whereas the highest P inflow into the plant was in February and March, during the photosynthetic phase. In a second study, fumigation of soil in the fall caused an increase in the growth of winter wheat over the winter, but a decrease in growth in the spring (Trent et al. 1989 ). This could be attributed to a difference in the cost and benefits of arbuscular mycorrhizas in the two seasons, that is, mycorrhizas played an important role in nutrient uptake in the spring but imposed a C drain over the winter. With this kind of experimental design it is impossible, however, to rule out a role for pathogenic fungi in the growth suppression observed in the winter. Carey et al. (1992) also found differences in plant response to soil fumigation depending on the season. Vulpia ciliata subsp. ambigua had lower fecundity at one site after benomyl was applied from March through June; colonization by AM fungi was significantly reduced at this site. At a second site, when benomyl was applied from late August through May, fecundity was increased. AM colonization and P content were low at the latter time and site, even without benomyl application, and therefore the result may have been due to a reduction in pathogens, as shown later by West et al. (1993) . Sanders and Fitter (1992) found no relationship between the percentage of root length colonized in six grassland species and P, Cu, or Mn inflow over the course of 2 years. This suggests that AM fungi may be present and consuming C from the plant even during periods when nutrient uptake rates are not high. During these periods, the fungi have the potential to act as parasites (Sanders and Fitter 1992) but could still increase overall plant fitness when integrated over the life-span of the plant. All of these results reinforce the need to calculate nutrient and C budgets over the entire year when trying to determine whether a relationship is mutualistic.
When interpreting nutrient uptake and growth response in the field, it is also important to realize that mycorrhizal fungi may not stimulate nutrient uptake continuously throughout the growing season. Rather, they may facilitate storage and later release of nutrients and thereby dampen fluctuations in nutrient supply (Bücking and Heyser 2001) . This kind of storage and delayed transfer has been observed using several different experimental approaches in EcM plants and varies from fungus to fungus. In the 1950s, Harley and coworkers established that a large proportion of 32 P absorbed by excised beech mycorrhizas is stored in the EcM mantle, largely as polyphosphate, and subsequently transferred to the root tissue (Harley and McCready 1952;  although see comments on the use of excised roots in Harley (1969) ). More recently, Bücking and Heyser (2001) used microautoradiography to show accumulation of 33 P in the mantle and Hartig net of one type of ectomycorrhiza of intact Pinus sylvestris seedlings, with no further transfer of this P to root cells. In another experiment, colonization by Suillus bovinus increased the concentration of P in shoots of P. sylvestris growing at low P, relative to NM plants, whereas the situation was reversed at high P supply (Bücking and Heyser 2000) . This is consistent with the results of Morrison (1954) , who found that 32 P previously taken up into EcM roots of pine seedlings continued to be translocated to the shoots even after 32 P was removed from the nutrient solution, but that no further transfer to shoots occurred in NM plants. There is some evidence that AM roots may maintain a steady P supply (inflow) to Trifolium subterraneum plants from soil of different P status over 10 weeks, but that in NM plants inflow declined to very low levels after an initial rapid uptake stage (Smith et al. 1986 ). The evidence for P storage in AM roots is less substantial than for ectomycorrhizas, although many studies have shown higher P concentrations in AM than NM roots, which has sometimes been interpreted as P sequestration (storage) in the fungi (e.g., Smith et al. 2000) . Use of 31 P nuclear magnetic resonance spectroscopy and other techniques certainly shows the accumulation of P, both as soluble P i and sometimes as polyphosphate, in AM roots under conditions of high P supply (Rasmussen et al. 2000 ; T. Cavagnaro and T. Ezawa, unpublished data). The retention of P under high P supply might be considered to be detrimental in a typical short-term experiment where nutrient supply is kept constant, but this may be a considerable advantage under field conditions with seasonal fluctuations in nutrient supply. In consequence, a clear understanding of the outcomes of reciprocal C and nutrient flows can only be achieved if measurements are taken throughout one or more growing seasons, as in the study of bluebell by Fitter (1995a, 1995b) .
Benefit may be apparent only under acute conditions
Another problem with determining net benefit or cost to the plant from short-term growth experiments is that the conditions under which mycorrhizal fungi benefit the plant may be quite specific and may not be simulated or encountered during the experiment. These conditions might occur only during specific stages of the life cycle, seasons of the year, or years of acute environmental conditions. Survival through such stresses may be important for long-term fitness, particularly for perennial plants, but should not be ignored, even for annual plants. Some short-lived plants may never experience stress conditions during their individual life-spans; however, if the stress occurs frequently enough, the gene pool of the population as a whole will be influenced. For natural selection to favour mycorrhizal associations under conditions where symbiosis sometimes results in reduced growth, fecundity, or nutrient uptake, the benefit in terms of survival and fecundity over the life-span of a plant would need to be positive, in spite of a reduction in competitive ability during certain periods. Detection of net benefit would be very difficult, even in field experiments, unless they are of very long duration, as shown by the following example. Inoculation of Quercus robur with Paxillus involutus stimulated growth in height over 7 years, due exclusively to higher growth increments during dry years (Garbaye and Churin 1997) . During years of average rainfall, no difference in height increase occurred. For a tree species that does not reach reproductive maturity for 10 or 15 years, survival during extreme conditions during one of those years would make the difference between successful reproduction or not.
Considering mycorrhizal mutualism at a finer scale: Should we redefine "mutualism" for mycorrhizas at a cellular or physiological scale?
We have shown that methodological constraints make it impossible to determine whether mycorrhizal associations are mutualistic at the whole-plant or community levels. However, recent work is providing a much clearer picture of the way cellular processes in both symbionts are integrated in the symbioses. Given this, it is tempting to ask whether mycorrhizal mutualism could be defined and detected at the cellular or molecular levels. As stated in the Introduction, tracer studies 50 years ago established both that mycorrhizal hyphae can act as conduits for mineral nutrients from the soil into mycorrhizal roots and that they are sinks for C fixed from the shoot, but accurate quantification was lacking and still is, to a very great extent. The finding that tracer moves from one organism to another does not provide clear evidence for net or quantitatively significant movement in either direction. Studies at the cellular level have focused on the structure and development of the fungus-plant interfaces (see Peterson and Massicotte 2004) ; on visualizing evidence for active transport processes (e.g., ATPases) in the membranes associated with arbuscules, intercellular hyphae, or Hartig net (e.g., Lei and Dexheimer 1988; see Smith and Smith 1990; Gianninazi-Pearson et al. 1991) ; on detecting changes in the regulation and localization of genes that could be involved in P uptake by plant or fungal cells at the specialized interfaces (Maldonado-Mendoza et al. 2001; Rausch et al. 2001; Harrison et al. 2002; Paszkowski et al. 2002) ; on following metabolism of key substrates using nuclear magnetic resonance spectroscopy (Shachar-Hill et al. 1995; Pfeffer et al. 1999; Rasmussen et al. 2000; Bago et al. 2002) ; and on quantifying mineral nutrient transfer using electron microscopy (Bücking and Heyser 2001) or tracer measurements (Joner et al. 2000; Nielsen et al. 2002; Smith et al. 2003b) . It is very significant that three unrelated plant species (Medicago truncatula, Solanum tuberosum, and Oryza sativa) have been shown to possess phosphate transporter genes that are only expressed in AM roots and that expression is localized in arbuscule-containing cells, the presumed site of P transfer to the plant (Rausch et al. 2001; Harrison et al. 2002; Paszkowski et al. 2002) . It seems highly likely that other AM plants will be found to possess similar genes. The microarray approaches currently being used to study gene expression during the formation of ectomycorrhizas will likely turn up similar genes in these systems. The results may allow us to define mycorrhizas as mutualisms on a functional basis at the level of reciprocal transfer of nutrients or regulation of genes that reflect symbiotic processes.
For both AM and EcM symbioses we take it as axiomatic that the fungi, growing in symbiosis, receive organic C from autotrophic partners (see previous section). This may also be true for ErM, but not for myco-heterotrophs, and the latter must be described as parasitic interactions unless, in the future, fungal benefit can be proved. We could define mycorrhizas in autotrophic plants on a functional basis as associations where we can detect some mineral nutrient absorbed from the soil by hyphae and subsequently transferred to plant cells (or identify a cellular change closely correlated with transfer). We could modify this, as discussed previously, to take into account seasonal and ontogenetic changes. We need to ask several questions: Does this approach encompass the whole range of possible benefits conferred by the symbionts on each other? Is it practical to determine reciprocal nutrient movements or related changes, rather than attempt to establish mutual increase in fitness? Would identification of mutualism at the cellular level for a particular situation have value in predicting likely outcomes at other scales? What measurements are appropriate?
Although it would be technically challenging to obtain evidence for reciprocal nutrient flows in the field, it is more workable for tree species than the current definition, which requires demonstration of increased fitness. It is certainly feasible for relatively small plants, and coordinated studies of gene regulation and nutrient movements might very well allow us to verify the proposal. A disadvantage of a very precise physiological definition is that it removes the requirement that the transfer of nutrients result in increased growth or fitness to either symbiont and, therefore, avoids the strict definition of mutualism. It would not directly detect mutualism expressed only at community levels or in competition, although it might provide evidence that benefits at that level were a possibility. It also means that if either symbiont benefits from non-nutritional outcomes of symbiosis (such as increased resistance or tolerance to pathogens, or improved water relations) then these would not be included in the definition unless markers for these effects could be identified. Nevertheless, we believe that function at the cellular level is worth exploring. The demonstration on the one hand that even nonresponsive plants may receive nutrients directly from their fungal symbionts, and that at the same time mycorrhiza-specific genes encoding transport related molecules are likely to be expressed, does provide compelling evidence that highly regulated and coordinated symbiotic processes in both organisms come into play as mycorrhizas develop.
Conclusions
This paper describes how any attempt at a functional definition of a mycorrhiza is fraught with difficulties. If we consider a definition at the cellular level that relates to a specific function such as nutrient transfer, we run into the problem that the transfer from the fungus to the plant may not increase whole-plant nutrient uptake (Smith et al. 2003b ). Furthermore, increased nutrient uptake does not always result in increased growth, and growth response is not always correlated with a response in fitness, either at the single-species or even perhaps at the community levels. An increase in fitness is the ultimate test if we are to continue to define mycorrhizas as mutualisms. An alternate approach is to accept that benefits to both plant and fungus are likely to vary extensively depending on the genotypes of the fungus and plant and on the environment in which they live. It is highly likely that some plants or fungi are cheaters (Smith and Smith 1996; see Egger and Hibbett 2004) , but it is probably impossible to determine whether a specific association benefits the symbionts under field conditions, especially if the plant is a long-lived perennial. Mycorrhizal symbioses may benefit the symbionts at different times during their lifespan, and possibly, for very short periods. This takes the question full circle. If increased nutrient uptake does not ultimately result in improved fitness, the symbiosis should not be considered a benefit to the plant. The solution may be to define mycorrhizas on a structural or developmental basis and to abrogate the requirement that mutualism be present in order for a symbiosis to be considered mycorrhizal.
In any event, mycorrhizal symbioses are acknowledged as being widespread both in diverse biomes and diverse plant species. To persist for what seems likely to be the whole evolutionary history of life on land (Nicolson 1975; Redecker et al. 2000) argues strongly for selective advantages of the symbioses in terms of fitness for both partners. One has only to compare the stable mycorrhizal state with the situation in rapidly evolving interactions between plants and their fungal pathogens, leading both to resistance and to specificity, to realize that we are dealing with very different symbioses indeed. And finally, we should consider some words of wisdom, for which we have only anecdotal memories: Jack Harley would have said, "it does not matter how you define [a mycorrhiza], what matters is how it functions at cellular, whole plant and ecosystem levels". Our challenge is to determine those functions.
